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1. INTRODUCTION 

Multiphase systems are the focus of research in present days due to their intrinsic advantages 
compared to three-phase systems. Higher power handling capability, more fault tolerant, lesser torque ripples 
etc. are major advantage of the multi-phase system. With the increase of the number of phases, the 
power/torque per RMS ampere for the same volume machine can also be increased. Multiphase systems have 
huge potential in the area of generation, transmission and utilization [1]. The research on multiphase 
generators and synchronous machines has started recently [2, 3] but the research on multiphase induction 
machines has been done extensively and various studies related to this is available [4, 5]. The phase 
transformation was reported initially by S. P. Thompson in 1894 [6]. Of the total global electricity being 
consumed, motor system consumes about 43% to 46% and of which, Induction motor is preferred due to its 
robustness, more tolerant to faults, low cost, less maintenance and high speed [7-10]. In Industrial automation 
system, AC drives with adjustable speed system are also gaining popularity. In order to enhance the accuracy 
and reliability of the motor, proper control system with desired efficiency and performance is required. 
Controlling Induction motor involves maintaining the desired speed at steady state which can be done in 
many ways like: Stator and rotor voltage control, Frequency control, and Stator voltage and 
frequency control 

Modern Power electronics converters are committed towards desired speed control and maintaining 
ripple free torque output at the same time. Conventionally, two level inverters were designed which are 
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becoming obsolete due to high Total Harmonic Distortion (THD) and losses. Multilevel inverters (MLI) 
involves generating more than three output levels with the help of combination of DC sources and switches 
in order to improve THD, better power quality, reducing switching losses, etc. And due to these features, 
MLIs are being extensively utilized in Power system applications. Control scheme employing Pulse Width 
Modulation (PWM) technique have brought THD to a much lower extent which is discussed in [11-15]. 

With the Introduction of DC link MLIs, number of switches and gate driver circuits have been 
reduced. Some of the conventional MLI topologies include: Cascaded H-Bridge MLI, Neutral point or Diode 
clamped type MLI, Flying Capacitor MLI. 

Cascaded H-Bridge topology uses switches and capacitors cascaded to amplify the output levels. 
Each H-bridge gives different voltages like zero, positive and negative of DC source. One major problem 
with this topology is the availability of Isolated DC sources which requires transformers[16]. Second 
problem is the switch count which also pose limitations on practical levels [17-18]. Three level Diode 
Clamped MLI was first proposed by [19]. It involves capacitors clamped to produce output voltage levels. 
Two obvious problems with this topology are: Unbalance in the capacitor voltages and other is the excessive 
use of clamping diodes. Flying Capacitor based MLI has certain advantages over other topologies like, 
redundancies in the voltage levels, which can be obtained more than one switch combinations [20]. 

This paper focuses on recently designed Packed U-Cell inverter topology which outperforms the 
above described in terms of power quality and component count [21]. Each U cell is comprised of one source 
and two switches. U-cells are connected in parallel fashion to increase output levels. Further, seven level 
output of the inverter is fed to five phase Induction motor. The complete model is designed and simulated in 
MATLAB/Simulink. 

Section II describes the implementation of Multi-level output using Packed U-Cell and 
mathematical modelling of five phase Induction motor using 5-2 phase transformation. Section III analyses 
the performance of combined Inverter fed Induction motor system. Finally, Section IV concludes the paper. 


2. CONSTRUCTION AND WORKING PRINCIPLE 
2.1. Five phase seven level packed U-cell inverter 

The described topology is a combined form of many U cells in which each cell comprises of one 
Capacitor source and two Power electronics switches (Figure 1) [22]. Cascading additional U cells result in 


additional voltage levels which is shown in Figure 2. 


Figure 2. Cascaded U cells 


Figure 1. Unit U cell 


The proposed seven level topology is shown in Figure 3. The upper capacitor is charged with DC 
voltage V1 and lower capacitor is charged with one-third of V1 equal to V2. Total six switches are employed 
of which S1’, S2’ and S3’ switches are complimentary of S1, S2 and S3 respectively. Other conventional 
topologies, like cascaded H-bridge configuration requires many transformers for producing isolated DC 
source. For removing this drawback, transformer less configuration 1s developed. Table 1 shows the possible 
voltage levels with switching sequence [23]. Among eight voltage states, two zero states are redundant and 
other six are active states. 
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Table 1. Switching sequence vs voltage levels of the 
proposed seven level topology 


State Vv Si S S; Se Sy Sy 
1 V1 1 0 0 0 1 1 
2 V1-V2 1 0 1 0 1 0 
3 v2 1 1 0 0 0 1 
4 0 1 1 1 0 0 0 
5 0 0 0 0 1 1 1 
6 -V2 0 0 1 1 1 0 
7 V2-V1 0 1 0 1 0 1 
8 -V1 0 1 1 1 0 0 





Figure 3. Proposed seven level topology 


2.2. Five phase squirrel cage induction motor 

Induction motors work on the principle of relative motion between stator magnetic field and rotor 
conductors. The rotating magnetic field is responsible for rotation of rotor with speed equal to slip speed. 
Unlike three phase, the AC supply of the stator in five phase is displaced by 72° in space which is shown in 
Figure 4. And in case of squirrel cage rotor, the EMF developed produces current which results in interaction 
of two magnetic fields. The torque developed causes the rotor to rotate on its axis. General formula for spatial 
displacement angle for any balanced n-phase AC machine is 2z/n. 


Ta? 


- 
s 


Figure 4. Five phase winding arrangement 


Analysing the dynamic behavior of the induction motor requires proper mathematical model of the 
whole system. And since the time dependent nature of motor parameters complicates the differential 
equation. One way is to somehow make the equation time independent. Rotating magnetic field produced by 
five phase AC can be reduced to simple two orthogonal d-q axis. In other words, stator as well as rotor 
fluxes, voltage, etc. are calculated with respect to other reference frame 1.e. d-q axis. 

Assuming that the arbitrary reference frame is rotating with angular speed w,, Induction motor 
steady state model equation transformed into d-q axis frame is given below [24]: 

For stator: 


Vgs = Rslgs + WaWas + PWqs 
Vas = Rslas — Wa Pqs + pWas 
Ves = Rsixs + PPxs 
Vys = Rsiys + PPys 
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Vos = Rglos + Pos 
Was = (Li, + Lm)lqs + Lmiqr 
Was = Cis + Lm)las + Lmlar 


Wes = Listys 

Pys = Lis lys 

Pos = Lislos 
For rotor: 


Var = Rrigr + (wa — W)War + PWor 
Var = Rriar — (Wa — W) Wor + p War 
Ver = Rriyr + PW 

Vyr = Rriyr a PW yr 

Vor = Rrior + PWor 

Wor = (Ly + Lin)lgr + Lmlgs 

War = (Lir + Lin )iar + Lmias 


Wer = Lip lyr 
Pyr = Lirlyr 
Wor = Lirlor 


Finally the Torque and rotor speed equation: 


Te = PLm [tartgs =, lastar] 
P 
o= f -T 


As can be seen from the above equations, x-y-o components are present along d-q axis components. 
x-y components present in rotor side can be omitted for further calculation because of short-circuited rotor. 
Also zero component is also not present because of star connection of stator winding and short-circuited rotor 
windings. This reduces the five phase system to simply two phase system in arbitrary reference frame. The 
KVL equation is illustrated in Figure 5. 

Input to the five phase induction motor is given by seven level inverter described above. 
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Figure 5. Equivalent circuit diagram, (a) q-axis, (b) d-axis and (c) o-axis 
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Balanced five phase sinusoidal AC is given to the stator. Each phase is displaced by 72° or = 


radian. The equation is given below along with Figure 6. 


V, = V sin (wt) 
2T 
V, = Vsin (wt — T) 


21 
V, = V sin (wt + T) 

ATT 
V. = V sin (wt _ T) 


, AT 
Va = Vosin (wt + =) 


Ves Vas Vbs Vcs Vds 


AS a Z a 


Figure 6. Five phase balanced Sinusoidal AC signal 


3. SIMULATION AND PERFORMANCE ANALYSIS: 

Power electronic switches like IGBTs are triggered by providing gate signals. Here, we are using 
sine Pulse Width Modulation technique in which pure sinusoidal reference signal is compared with Alternate 
Phase Opposition Disposed (APOD) carrier signals to obtain the required gate pulse (Figure 7). Other circuit 
parameters of Packed U cell Inverter as well as Induction motor is given in Table 2 and 3. 


Reference Signal 


-50Hz Carrier Signal 


f=800Hz 
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Figure 7. APOD carrier signals vs sine reference signal 


Table 2. Seven level packed u cell circuit parameters 


Parameters Value 
Voltage Source (V1) 200 V 
Capacitor Charge (V2) 200/3 V 
Reference signal frequency 50 Hz 
Carrier Frequency 800 Hz 
Amplitude Modulation Index 0.95 
Switch IGBT Ron=1mQ 
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Table 3. Five phase induction motor rating 


Parameters Value 
Rated Frequency 50 Hz 
Number of Poles 4 
Stator Resistance (Rs) 2.8 Q 
Rotor Resistance (Rr) 19Q 
Stator Inductance (LIs) 5 mH 
Rotor Inductance (Llr) 24 mH 
Mutual Inductance (Lm) 150 mH 
Moment of Inertia (J) 0.009 kgm? 


Since Balanced Five phase Input AC voltage is required for normal operation of Induction motor 
under steady state. But, also the output of Inverter circuit is not purely sinusoidal. So, it is desired to 
minimize the losses which is in the form of harmonics. Total Harmonic Distortion (THD) is the term used to 
evaluate percent of unwanted harmonic frequency components present in the signal. 


THD = 





where Vms and V; are the RMS and fundamental component of output voltage respectively. Simple Block 


diagram representing inverter plus motor section is illustrated in Figure 8. Simulink model of Induction 
motor is given in Appendix for further reference. 


Gating Signals 





INVERTER SECTION 


ce im a i cc lo 


Figure 8. Block Diagram showing complete system model 


4. RESULTS AND DISCUSSION: 


The simulation is done in MATLAB/Simulink environment, the Simulink model is depicted in 
Figure 13 (Appendix). On running the complete model in Simulink, it is found that output Inverter waveform 
resembles very much near to the Sinusoidal signal as shown in Figure 9. THD of output voltage is 18.07% 
which is sufficiently low for the Induction motor stable operation as can be seen in Figure 10. 
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Figure 9. Inverter output voltage waveform 
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Figure 10. THD of output voltage waveform 


Feeding the seven level inverter output to five phase Inductor motor results in gradual development 
of torque which consequently after small transient state achieves stable state which is depicted in Figure 11. 
Similarly, rotor speed attains near synchronous speed after sufficient transient state which is around 0.1 
seconds in this case as shown in Figure 12. Both speed and torque are analyzed for No-load condition. 
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Figure 12. Rotor Speed (rpm) at no-load condition 


5. CONCLUSION: 

This paper describes Simulation model of running five phase Induction motor system with the 
output fed from seven level Packed-U cell Multi level inverter. The model is developed employing blocks 
taken from Simpower system Library. Inverter output voltage along with THD is analyzed. Induction motor 
speed attains rated value after undergoing transient state and torque developed initially moves the rotor and 
settles down after steady state in absence of Load torque. The model can be extended to n-phase Induction 
motor system. 
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Figure 13 (a) Complete simulink model of five phase induction motor, (b) Electrical sub-model 
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